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Abstract 

To assemble complex structures with short cycle times, the feasibility of welding 
thermoplastic (TP) to thermoset (TS) composites is demonstrated using a phenomenological 
approach. The effect ofthe thermal degradation of the TS composite (AS4/350 1-6) on its shear 
strength is assessed in order to minimize the TS degradation during the welding process. The 
degradation is reported to decrease the shear strength in an exponential way. A layer of TP 
(polysulphone [PSU)) is cocured at the surface of the AS4/350 1-61aminate during its cure cycle 
in an autoclave. Two laminates are then welded together using a resistance welder. The highest 
shear strengths, which are close to the shear strength of bulk AS4/3501-6 autoclave-processed 
baseline, occur for a welding time and temperature of 10 sand 300 °C, respectively. Higher and 
lower temperatures induce degradation and low consolidation of the weld, respectively. The 
welding interface between the TP layers is the strongest, while failure is mixed and occurs at 
interfaces between TS and TP and at interfaces between TP and heating element at the 
fiber/matrix interfaces. Further investigations are required to optimize the welding processing 
parameters and to identify the bonding, degradation, and failure mechanisms using a more 
fundamental and molecular approach. 
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1. Introduction 

Tills report studies the feasibility of a new technique whose advantages overcome the 

drawbacks of using mechanical fasteners or chemical adhesives for joining thermoset (TS) 

composites. Furthermore, this technique, called fusion bonding, allows two TS parts to be joined 

in shorter time, with the possibility of future disassembly of the complex bonded structures. This 

technique has already been applied to join thermoplastic (TP) composites, but can reasonably be 

applied to join TS when a layer of TP is cocured on the surfaces to be joined. Subsequently, two 

types of interfaces are then responsible for the strength of the final piece, that is to say, the 

TS/TP interface and the TP/TP joining interface. 

1.1 ThermosetJThermoplastic Bonds. The bonding between a TS and TP is dictated by the 

chemical compatibility of the two materials. The degree of chemical compatibility can be 

defmed by a unique glass transition temperature (Tg) or by two similar solubility parameters (6). 

Indeed, the square of the difference between the S of the two materials is directly related to the 

enthalpy of mixing .6.Hm. In order to have a spontaneous mixing, the Gibbs free energy of 

mixing (.6.Gm) has to be minimized; this is reached by minimizing .6.Hm and occurs when the two 

o are similar. Once a TS and TP are chemically compatible, they can form an interpenetrating 

polymer network (lPN) [1] in order to ensure a high enough bond strength. This occurs during 

the cure cycle of the TS, whose monomers diffuse into the molecular chains of the TP [2] and 

form a three-dimensional network or IPN. 

In the case of good chemical compatibility between the TS and TP materials, the technique of 

the film cocuring is used most often [2] to bond the TP film on the TS part during its cure cycle 

in an autoclave. In the case of chemical incompatibility, a new technique was recently 

developed, termed diffusion-enhanced adhesion (DBA) [3], and consists of adding a second TP 

fllm (TP2) at the TS/TP interface, which is chemically compatible with the TS and has a T 8 close 

to the one of the TP. A las.t technique, less commonly used, is the TP hybrid interlayer that does 

not require chemical compatibility because the bonding is purely mechanical. The TS is bonded 
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to a carbon fiber-based TP (CF/TP), whose face to be bonded contains only an empty fibrous 

network in which the TS will diffuse during the curing [4]. 

1.2 Thermoplastic/Thermoplastic Bonds. Bonds between two TPs are more easily 

achieved because of the same nature of the materials, which can be easily molten during fusion 

bonding. However, there are still some bonding mechanisms to consider in order to control the ~ 

bond quality. First, the two materials to be bonded require some degree of intimate contact, 

which is defmed as the percentage of area that is in contact with the two surfaces to be bonded. 

Then, in a process called healing, an interdiffusion of the chains takes place and fonns an 

entanglement of the chains. · This is the reason for the high strength of the bond, similar to an 

JPN in the case of TS/TP bonds. During the last step, the consolidation pressure is applied in 

order to reduce the voids and reach an optimum thickness of the bond, which is achieved by 

squeeze flow of the TP. 

Some processes developed for bonding two TPs together, such as the thennabond method 

[5], have been used with techniques like press or resistance welding. In the case of TS/TP 

welding, whose process is described in Figure 1, the temperature has to be between the T g and 

the melting temperature (T m) of the TP, but below the temperature at which the TS degrades. 

A schematic of the resistance-welding process is shown in Figure 1; two CF/TS parts 

containing a cocured layer of TP are welded using an interlayer heating element. An alternating 

current source is applied to the heating element through its ends. Due to the Joule effect, the 

heating element gets hot enough to allow the two parts' surfaces to melt and be welded. 

Additionally, pressure is applied to ensure a good contact and consolidation during the cooling 

stage. 

1.3 Approach. A phenomenological approach was followed in this work, which contained 

three different steps. The first step was related to the materials (TS and TP), which had to be 
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Figure 1. Resistance-Welding Process. 

chosen in order to be chemically compatible to form an IPN. Furthermore, the TS needs to be 

sufficiently resistant to thermal degradation during welding. For this purpose, the effect of 

thermal degradation on mechanical properties of the TS was assessed first. The second step was 

processing the cocured TP layer on the TS part, followed by fusion bonding the two parts using a 

resistance-welding technique. The final step was the characterization of the welds by assessing 

the interfacial shear strength and the observation of the failure mechanisms. 

2. Experimental 

2.1 Materials. The TS used in this work was a unidirectional carbon fibers/epoxy 

(AS4/3501-6) from Magnamite Hercules, with a Tg of 215 °C. The TP was a polysulphone 

(PSU), with a T g of 185 oc and a processing temperature between 300 oc and 360 °C. These 

materials have both good chemical compatibility and bonding quality [3], but AS4/3501-6 is also 

a commonly used TS for high-performance applications despite low thermal degradation 

3 



resistance. PSU has a high melt viscosity and a high temperature resistance. Furthermore, PSU 

has shown good welding properties in earlier applications [6). 

2.2 Thermal Degradation. Thermal degradation of AS4/3501-6 is not yet well understood. 

In order to measure weight loss, several bulk AS4/3501-6 baseline specimens were degraded in a 

conventional oven, under vacuum, and at different temperatures and times going from 250 °C to 

345 °C and from 10-60 min, respectively. The chosen temperatures and times were determined 

from isothermal thermogravimetric analysis (TGA) measurements, taking into account that, for 

the same temperature and time, the weight loss of a bulk specimen is lower than for a powder 

TGA. The degraded specimens were then tested, and the shear strengths were reported vs. the 

weight loss. 

2.3 Processing. The bulk AS4/3501-6 baseline material and the AS4/3501-6 with the 

cocured PSU filin were processed in an autoclave, following the cure cycle given by the 

AS4/3501-6 supplier. No enhanced cycle was used for the parts with the PSU film. The bulk 

AS4/3501-6 baselines were composed of 24 plies (0°). The cocured parts composed 24 plies of 

the AS4/3501-6 baseline and 1 ply of 0.15 mm or 0.30-mm-thick PSU film on one side of the 

laminate. 

The heating elements for the resistance welding were vacuum bag processed in the oven and 

were composed of 1 ply of carbon fiber/polyarylsulphone (CF/PASU) sandwiched between two 

layers of 0.15-mm-thick PSU film. In order to ensure a good electrical contact between the 

fibers and the electrical circuit, metal meshes were then ultrasonically welded at both ends of the 

composite heating elements (Figure 1). 

2.4 Welding. The controlled parameters for the welding process were essentially the power, 

pressure, and dwell time. The power was set to 50 kW/m2 for all welds. The pressure was set to 

0.38 MPa and 0.17 MPa for the parts with the 0.15-mm- and 

0.30-mm-thick cocured PSU layer, respectively. The temperatures and dwell times were set 

from 250 oc to 300 oc and from 45 s to 300 s, respectively, and were chosen case by case, 
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depending on the quality and shear strength value of the preceding weld. For the first weld, the 

parameters were chosen according to previous work [6], where CF/PASU was used instead of 

AS4/350 1-6. 

2.5 Testing. Two test methods were used in order to assess the shear strength of the 

degraded bulk AS4/350 1-6 composite as well as the weld strengths. The first one was the 

apparent interlarninar shear strength test (ILSS) [7), used for the degradation assessment. Since 

this test was not efficient enough for the testing of the welds, the interlaminar shear device test 

(ISD) [8] was used for this purpose. Normalized to the nondegraded bulk AS4/350 1-6, these two 

test methods gave identical results. In the following sections, only the normalized shear 

strengths (NSS) are compared. Test samples were cut out from several positions of the welded 

samples. 

3. Results and Discussion 

3.1 Degradation. As shown in Figure 2, the thermal degradation of the bulk AS4/3501 -6 

baseline is evidenced and reported to decrease the shear strength vs. the weight loss in an 

exponential way. The legend shows at which temperature and time the specimens were 

degraded. The two corresponding photographs illustrate the effect of the thermal degradation, 

which manifests by a weight loss, on the microstructure of the specimens having no weight loss 

and 7.5% weight loss, respectively. 

For degraded composite, delamination between the plies is responsible for the very low shear 

strength. For the case of no weight loss, the scatter in shear strengths in Figure 2, is certainly due 

to a lower initial consolidation between the plies because a loss of vacuum pressure occurred 

during the curing in autoclave. On the other hand, for the 7.5% weight loss, there is an evident 

loss of resin between the plies, which is certainly due to changes in the chemical structure of the 

resin. 
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Figure 2. Effect of Thermal Degradation on the Bulk AS4/3501-6 Baselines. 

lt is also observed that the di fference in terms of weight loss between TGA measurements 

and degradation in the oven decreases with exposure to increasing temperature. T he measured 

bulk sample (oven) weight loss is consistently less than thal delerrnined by TGA measurements 

(Table I ). 

Table 1. Differences of Weight Losses Between TGA and Degradation in an Oven for 
Several Exposure Conditions. 

TGA Oven 
Temperature Time Weight Loss Weight Loss Deviation 

(°C) (min) (%) (%) (%) 

250 55 1.0 0.39 6l.O 

300 10 1.5 1.20 20.0 

300 16 2.0 1.37 31.5 

300 28 3.0 2.28 24.0 

320 25 5.0 3.05 39.0 

345 60 8.0 7.69 3.9 
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Applying these results to the welding process, the thermal degradation of the AS4/350 1-6 is 

expected to be negligible (2% or less) if welding occurs around 300 oc for a few minutes. 

3.2 Thermoset!fhermoplastic Bond Quality. The quality of the bonds between the 

AS4/3501-6 and the PSU film is reported to be good because some 3501-6 resin diffused and 

even flowed through the whole thickness of the PSU film during autoclave cure. These parts are 

not used for welding because the surface to be welded is not pure PSU but a blend of both PSU 

and 3501-6 resin, which could alter the quality of the welded bond. In order to control an 

efficient diffusion of the 3501-6 monomers, an optimization of the cure cycle has to be studied. 

3.3 Welding Properties. After several experiments to optimize the welding parameters, it is 

observed that the quality of the heating element and the contact of the welded metal meshes with 

the prepreg are very important in order to ensure reproducibility. The polymer flow at the edges 

can be reduced by lowering the pressure, and the local overheating can be minimized by adding 

two cooling nitrogen fluxes on the edges along the fiber direction. 

Although the control of the welding process is not optimum and the reproducibility is not 

ideal, three different results are experienced. The first case is related to the welds with the 

highest NSS, which is obtained at a process temperature of 300 °C for 10 s (Figure 3). The 

average NSS is homogeneous in the plane of the weld interface, and the NSS is close to the bulk 

AS4/3501 -6 shear strength (NSS = 1). It can be concluded that the interdiffusion of the PSU 

chains and the formation of IPN occurred with these welding parameters. 

The second case is observed for welds that have an average NSS near 0.5 (Figure 4) and that 

are processed at 250 °C for 300 s. Again, the NSS is homogeneous in the plane of the weld 

interface; however, the shear strength is half that of the bulk AS4/3501-6. This is evidently not 

due to thermal degradation but to a low bond consolidation and incomplete interdiffusion of PSU 

at this lower temperature. 
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Figure 3. Results of Two Typical Good-Quality Welds With a Shear Strength Close to the 
Bulk AS4/3501-6 Baseline. Bond Strengths Are Uniformly Distributed Across 
the Width of All Welded Areas. 
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Figure 4. Results of Four Typical Poor-Quality Welds at Low Consolidation Temperature. 
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The third result represents the effect of the heat gradient across the weld. The edge along the 

fibers direction went up to 600 oc for 10 s (Figure 5), and the rest of the weld went to between 

300 oc and 400 °C for 30 s. The NSS at the edge is low (due to degradation). The other NSS 

va lues are lower than un ity. This is linked to a temperature above 300 °C for more than 10 s, 

which induces degradation. However, the locations of the highest NSS in Figure 5 are reported 

ror temperatures around 300 °C. The three different behaviors (Figures 3- 5) con·elatc 

quanti tatively with the degraaation results presented in Figure 2. 

I 2 

O.N 

Cl) 

0.6 :2 
1).4 

0.2 

Figure 5. Results of Four Typical Welds Evidencing the Inhomogeneity of Thermal 
History Influencing the Distribution of the Bond Strengths. 

Micrographs of the weld cross sections are presented as qualitative evidence of the 

degradation. As shown in Figures 6 and 7, the bond quali ty and, therefore, the NSS are 

complete ly different for a nondegraded and a degraded weld. The nondegraded weld contains no 

voids. The degraded weld shows degraded mate rial and a high percentage of voids in regions 

close to the edges of the weld where the flow of the PSU is higher. 
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Figure 6. Good-Quality Weld (NSS = 1). 

Figure 7. Degraded Weld (NSS = 0.5). 

3.4 Failure Mechanisms. ln most of the cases, the failure of the welds is cohesive within 

the composite elements of the complex joint structure. As shown in Figure 8, the failure 

propagates at the interface between AS4/350 l -6 and PSU (TS/TP), crosses the PSU layers, and 

propagates at the interface between the PASU prepreg of the heating element (TP/h.e.) and the 

PSU. The two failure interfaces (top and bottom) are of a different nature. The top interface is 

the result of two mechanisms. First, an adhesive rupture around the fibers is evidenced by the 

cleanness of some of the fibers, and then a plastic deformation of the PSU is shown by the rough 

and ductile surface aspect of the PSU. The bottom interface is produced only by an adhesive 

rupture around the fibers. 

10 
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Figure 8. Typical Mixed Failure of the Weld. 

These results indicate a competition between the failures of the two interfaces. The bottom 

interface is weaker because less energy can be absorbed by plastic deformation. No fa ilure is 

observed at the original PSU/PSU interface. These interfaces arc not even vis ible in Figure 8 

(clashed line), which indicates a good interdiffusion between the thermoplastics. 

4. Conclusion 

The feasibility of welding TP toTS is demonstrated in this work. The thermal degradation is 

shown to affect the shear properties of the TS by decreasing its shear strength exponentially. 

During welding, degradation is negligible if correct welding processing parameters are used. 

The diffusion of the 3501 -6 resin into the cocured PSU layer is obtained without the use of an 

enhanced diffusion cycle. Nevertheless, the conditions need to be optimized in order to better 

control the diffusion length. 

The selected welding parameters resulted in three different scenarios. The bonds with the 

higher shear strengths are processed at 300 oc for 10 s. Lower temperatures induce insufficient 
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molecular interdiffusion and weak consolidation. Last, excessive temperatures induce 

degradation. The failure of the welds is dominated more by composite interfaces 

(fibers/matrices) than by the interfaces between thermoplastic and thermoset polymers. Bonding 

of dissimilar materials such as thermoplastics and thermosets holds promise for assembly of 

complex composite structures. 
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0780&-5000 MODERN AerY 

~ 
AMSMCPBMK 

COMMANDER PICA TINNY ARSENAL NJ 
US ARMY ARDEC 07806-5000 
AMSTAASF 
PICA TINNY ARSENAL NJ 
07806-5000 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 COMMANDER 2 COMMANDER 
US ARMY TACOM US ARMY TACOM 
PM ABRAMS PMSURVSYS 
SFAEASMAB SFAEASMSS 
6501 ELEVEN Mll...E RD TDEAN 
WARREN MI 48397-5000 SFAE GCSS W GSI M 

DCOCHRAN 
6 PMSADARM 6501 ELEVEN Mll...E RD 

SFAEGCSSSD WARREN MI 48397-5000 
COLBEWS 
MDEVINE 1 COMMANDER 
RKOWALSKI US ARMY TACOM • 
WDEMASSI PM SURVIVABLE SYSTEMS 
JPRITCHARD SFAE GCSS W GSI H 
SHROWNAK MRYZYI 
PICATINNY ARSENALNJ 6501 ELEVEN Mll...E RD 
07806-5000 WARREN MI 48397-5000 

3 COMMANDER 1 COMMANDER 
US ARMY TACOM US ARMY TACOM 

. PM TACTICAL VEHICLES PMBFV 
SFAETVL SFAE GCSS W BV 
SFAETVM S DAVIS 
SFAETVH 6501 ELEVEN Mll...E RD 
6501 ELEVEN Mll...E RD WARREN MI 48397-5000 
WARREN MI 48397-5000 

1 COMMANDER 
1 COMMANDER US ARMY TACOM 

US ARMY TACOM PM LIGHT TACfiCAL VHCLS 
PMBFVS AMSTA TRS 
SFAEASMBV A J Mll...LS MS 209 
6501 ELEVEN Mll...E RD 6501 ELEVEN Mll...E RD 
WARREN MI 48397-5000 WARREN MI 48397-5000 

COMMANDER COMMANDER 
US ARMYTACOM US ARMY TACOM 
PMAFAS PM GROUND SYSTEMS 
SFAEASMAF INTEGRATION 
6501 ELEVEN Mll...E RD SFAE GCSS W GSI 
WARREN MI 48397-5000 RLABATILLE 

6501 ELEVEN Mll...E RD 
COMMANDER 
US ARMY TACOM 

WARREN MI 48397-5000 
;: 

PMRDT&E 1 COMMANDER 
SFAE GCSS W AB US ARMY TACOM 
JGODELL CHIEF ABRAMS TESTING 
6501 ELEVEN Mll...E RD SFAE GCSS W AB QT 
WARREN MI 48397-5000 T KRASKIEWICZ 

6501 ELEVEN Mll...E RD 
WARREN MI 48397-5000 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 COMMANDER 11 BENET LABORATORIES 
US ARMY TACOM AMSTAARCCB 
AMSTASF RFISCELLA 
WARREN MI 48397-5000 GO ANDREA 

EKATHE 
1 COMMANDER MSCAVULO 

WATERVLIET ARSENAL GSPENCER 
SMCWVQAEQ PWHEELER 
BVANINA KMINER 
BLDG44 JVASILAKIS 
WATERVLIET NY 12189-4050 GFRIAR 

RHASENBEIN 
15 COMMANDER AMSTACCBR 

US ARMY TACOM SSOPOK 
AMSTA TRR WATERVLJET NY 12189-4050 
JCHAPIN 
R MCCLELLAND 3 ARMOR SCHOOL 
DTHOMAS ATZKID 
JBENNETI RBAUEN 
DHANSEN JBERG 
AMSTAJSK APOMEY 
SGOODMAN FT KNOX KY 40121 
JFLORENCE 
KIYER 2 HQIOCTANK 
DTEMPLETON AMMUNITION TEAM 
A SCHUMACHER AMSIOSMT 
AMSTATRD RCRAWFORD 
DOSTBERG WHARRIS 
LIDNOJOSA ROCK ISLAND IL 61299-6000 
BRAJU 
AMSTACSSF 1 DIRECTOR 
H HUTCHINSON US ARMY AMCOM 
FSCHWARZ SFAE AV RAM TV 
WARRENMI 48397~5000 DCALDWELL 

BLDG5300 
COMMANDER REDSTONE ARSENAL AL 
WATERVLIET ARSENAL 35898 
SMCWVSPM 
TMCCLOSKEY 2 COMMANDER 
BLDG253 US ARMY AMCOM 
WATERVLIET NY 12189-4050 AVIATION APPLIED TECH DIR 

JSCHUCK 
2 TSMABRAMS FT EUSTIS VA 23604-5577 

ATZKTS 
SJABURG 1 USARMYCERL 
W MEINSHAUSEN RLAMPO 
FT KNOX KY 40121 2902 NEWMARK DR 

CHAMPAIGN IL 61822 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 AFRL FAA 
FABRAMS MIL HDBK 17 CHAIR 
JBROWN LILCEWICZ 
BLDG653 1601 LINDA VB SW 
2977 PST STE 6 ANM 115N 
WRIGHTPATTERSON AFBOH RESTON VA 98055 
45433-7739 

1 US DEPT OF ENERGY 
1 AFRLMLSOL OFC OF ENVIRONMENTAL 

LCOULTER MANAGEMENT 
7278 4THST PRITZCOVAN 
BLDG 100 BAY D 19901 GERMANTOWN RD 
HILL AFB UT 84056-5205 GERMANTOWN MD 20874-1928 

1 OSD 1 DIRECTOR 
JOINT CCD TEST FORCE LLNL 
OSDJCCD F ADDESSIO MS B216 
R WILLIAMS POBOX 1633 
3909 HALLS FERRY RD LOS ALAMOS NM 87545 
VICKSBURG MS 29180-6199 

5 DIRECTOR 
DEFENSE NUCLEAR AGENCY lLNL 
INNOVATIVE CONCEPTS DIV R CHRISTENSEN 
6801 TELEGRAPH RD SDETERESA 
ALEXANDRIA VA 22310-3398 FMAGNESS 

MFINGERMS 313 
1 WATERWAYS EXPERI:MENT M MURPHY L 282 

DSCOTT POBOX 80S 
3909 HALLS FERRY RD SC C LIVERMORE CA 94550 
VICKSBURG MS 39180 

1 OAK RIDGE NATIONAL 
2 FAA LABORATORY 

TECH CENTER RMDAVIS 
P SHYPRYKEVICH AAR 431 POBOX2008 
ATLANTIC CITY NJ 08405 OAK RIDGE TN 37831-6195 

3 DARPA OAK RIDGE NATIONAL 
MVANFOSSEN LABORATORY 
SWAX C EBERLE MS 8048 
L CHRISTODOULOU POBOX2009 
3701 N FAIRFAX DR OAK RIDGE TN 37831 
ARLINGTON VA 22203-1714 

" 1 OAK RIDGE NATIONAL 
2 SERDP PROGRAM OFC LABORATORY 

PMP2 CD WARREN MS 8039 
CPELLERIN POBOX2009 
B SMITH OAK RIDGE TN 37922 
901 N STUART ST STE 303 
ARLINGTON VA 22203 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

7 NIST 1 CENTRAL INTI...LGNC AGNCY 
RPARNAS OTIWDAGGT 
JDUNKERS WLWALTMAN 
M VANLANDINGHAM MS 8621 POBOX 1925 
J CHIN MS 8621 WASHINGTON DC 20505 
D HUNSTON MS 8543 
J MARTIN MS 8621 1 MARINE CORPS 
D DtiTHINH MS 8611 INTELLIGENCE ACTIVITY 
100 BUREAU DR DKOSITZKE 
GAITHERSBURG MD 20899 3300 RUSSELL RD STE 250 

QUANTICO VA 22134-5011 
HYDROGEOLOGIC INC 
SERDP ESTCP SPT OFC 1 DIRECTOR 
SWALSH NATIONAL GRND INTLLGNC CTR 
1155 HERNDON PKWY STE 900 IANGTMT 
HERNDON VA 20170 220 SEVENTH ST NE 

CHARLOTTESVILLE VA 
3 DIRECTOR 22902~5396 

SANDIA NATIONAL LABS 
APPLIED MECHANICS DEPT 1 DIRECTOR 
DIV 8241 DEFENSE INTLLGNC AGNCY 
JHANDROCK TA5 
YRKAN KCRELLING 
JLAUFFER WASHINGTON DC 20310 
POBOX969 
LIVERMORE CA 94550-0096 1 GRAPHITE MASTERS INC 

JWILLIS 
3 NASA LANGLEY RSCH CTR 3815 MEDFORD ST 

AMSRL VS LOS ANGELES CA 90063-1900 
W ELBER MS 266 
F BARTLETT JR MS 266 1 ADVANCED GLASS FIBER YARNS 
G FARLEY MS 266 TCOLLINS 
HAMPTON VA 23681-0001 281 SPRING RUN LANE STE A 

DOWNINGTON PA 19335 
NASA LANGLEY RSCH CTR 
T GATES MS 188E 1 COMPOSITE MATERIALS INC 
HAMPTON VA 23661-3400 DSHORIT 

19105 63 AVENE 
USDOT FEDERAL RAILRD POBOX25 
MFATEHRDV31 ARLINGTON WA 98223 
WASHINGTON DC 20590 

COMPOSITE MATERIALS INC 
FHWA RHOLLAND 
EMUNLEY 11 JEWELCT 
6300 GEORGETOWN PIKE ORINDA CA 94563 
MCLEAN VA 22101 

l COMPOSITE MATERIALS INC 
CRILEY 
14530 S ANSON AVE 
SANTA FE SPRINGS CA 90670 
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NO. OF NO. OF 
COPffiS ORGANIZATION COPffiS ORGANIZATION 

2 COMPOSIX 2 TEXTRON SYSTEMS 
DBLAKE TFOLTZ 
LDIXON MTREASURE 
120 0 NEILL DR 201 LOWELL ST 
HEBRUN OlllO 43025 WU..MINGTON MA 08870~2941 

4 CYTEC FIBERITE JPS GLASS 
RDUNNE LCARTER 
DKOHLI POBOX260 
MGILLIO SLATERRD 
RMAYHEW SLATER SC 29683 ... 
1300 REVOLUTION ST 
HAVRE DE GRACE MD 21078 2 MlLLIKEN RSCH CORP 

HKUHN 
2 SIMULA MMACLEOD 

JCOLTMAN POBOX 1926 
RHUYETT SPARTANBURG SC 29303 
10016 S 51ST ST 
PHOENIX AZ 85044 CONNEAUGHT INDUSTRIES INC 

JSANTOS 
1 SIOUX:MFG POBOX 1425 

BKRIEL COVENTRY RI 02816 
POBOX400 
FI' TOTTEN ND 58335 2 BATTELLE NATICK OPNS 

JCONNORS 
2 PROTECTION MATERIALS INC BHALPIN 

MMll..LER 209 W CENTRAL ST STE 302 
FCRILLEY NATICK MA 01760 
14000 NW 58 CT 
MIAMI LAKES FL 33014 ARMTEC DEFENSE PRODUCTS 

SDYER 
3 FOSTER Mll..LER 85 901 AVE 53 

J JGASSNER POBOX848 
MROYLANCE COACHELLA CA 92236 
WZUKAS 
195 BEAR HlLL RD 1 GLCCINC 
WALTHAM MA 0235~1196 JRAY 

103 TRADE ZONE DR STE 26C 
1 ROM DEVELOPMENT CORP WEST COLUMBIA SC 29170 

ROMEARA 
136 SWINEBURNE ROW 3 PAC~CNORTHWESTLAB 
BRICK MARKET PLACE MSMITH 
NEWPORT RI 02840 G VANARSDALE 

RSlllPPELL 
0 GARA HESS & EISENHARDT POBOX999 
MGILLESPIE RICHLAND W A 99352 

.,. 

9113 LESAINT DR 
FAIRFIELD OH 45014 
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NO. OF NO. OF 
COPffiS ORGANIZATION COPffiS ORGANIZATION 

2 AMOCO PERFORMANCE PROJECTILE TECHNOLOGY INC 
PRODUCTS 515 Gn..ES ST 
MMICHNOJR HA VR.E DE GRACE MD 21078 
J BANISAUKAS 
4500 MCGINNIS FERRY RD LORAL VOUGHT SYSTEMS 
ALPHARETTA GA 30202-3944 KCOOK 

1701 W MARSHALL DR 
1 SAIC GRAND PRAIRffi TX 75051 

MPALMER 
1410 SPRING IDLL RD STE 400 3 HEXCELINC 
MSSH45 RBOE 
MCLEAN VA 22102 POBOX 18748 

SALT LAKE CITY UT 84118 
1 SAIC 

G CHRYSSOMAILIS 8 ALLIANT TECHSYSTEMS INC 
3800 W 80TH ST STE 1090 C CANDLAND MNll 2830 
BLOOMINGTON MN 55431 C AAKHUS MNll 2830 

B SEE MNll 2439 
1 AA1 CORPORATION N VLAHAKUS MNll 2145 

TGSTASTNY R DOHRN MNll 2830 
POBOX 126 S HAGLUND MN11 2439 
HUNT VALLEY MD 21030-0126 M HISSONG MN11 2830 

D KAMDAR MNll 2830 
1 APPLffiD COMPOSITES 600 SECOND ST NE 

WGRISCH HOPKINS MN 55343-8367 
333 NORTH SIXTH ST 
STCHARLES lL 60174 5 AEROJET GEN CORP 

DPILLASCH 
3 ALLIANT TECHSYSTEMS INC TCOULTER 

JCONDON CFLYNN 
ELYNAM DRUBAREZUL 
JGERHARD MGREINER 
WVOI 16 STATE RT 956 1100 WEST HOLL YV ALE ST 
POBOX210 AZUSA CA 91702-0296 
ROCKET CENTER WV 
26726-0210 HERCULES INC 

HERCULES PLAZA 
1 CUSTOM ANALYTICAL WILMINGTON DE 19894 

ENGSYSINC 
A ALEXANDER 1 BRIGS COMPANY 
13000 TENSOR LANE NE JBACKOFEN 
FLINTSTONE MD 21530 2668 PETERBOROUGH ST 

HERNDON VA 22071-2443 
1 OFC DEPUfY UNDER SEC DFNS 

JTHOMPSON ZERNOW TECHNICAL SERVICES 
1745 JEFFERSON DAVIS HWY LZERNOW 
CRYSTAL SQ 4 STE 501 425 W BONITA AVE STE 208 
ARLINGTON VA 22202 SAN DIMAS CA 91773 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 OLIN CORPORATION 1 BOEING 
FLINCHBAUGH DIV RBOHLMANN 
ESTEINER PO BOX 516 MC 5021322 
BSTEWART STLOUIS MO 63166-0516 
POBOX 127 
RED LION PA 17356 2 BOEING DFNSE & SPACE GP 

W HAMMONDS 4X55 
OLIN CORPORATION J RUSSElLS 4X55 
LWHITMORE POBOX3707 
10101 NINTH ST NORTH SEATTLE WA 98124-2207 
ST PETERSBURG FL 33702 .. 

2 BOEING ROTORCRAFT 
1 GKN AEROSPACE PMINGURT 

DOLDS PHANDEL 
15 STERLING DR 800 B PUTNAM BLVD 
WALLINGFORD CT 06492 WALLINGFORDPA 19086 

PRATT & WHITNEY 1 BOEING 
CWATSON DOUGLAS PRODUCTS DIV 
400MAIN STMS 11437 L J HART SMITH 
EAST HARTFORD CT 06108 3855 LAKEWOOD BLVD 

D8000019 
5 SIKORSKY AIRCRAFT LONG BEACH CA 90846-0001 

GJACARUSO 
T CARSTENSAN 1 LOCKHEED MARTIN 
BKAY SREEVE 
S GARBO MS S330A 8650COBBDR 
JADELMANN D 73 62 MZ 0648 
6900MAINST MARIETTA GA 30063-0648 
POBOX9729 
STRATFORD CT 06497-9729 1 LOCKHEED MARTIN 

SKUNK WORKS 
1 AEROSPACE CORP DFORTNEY 

G HAWKINS M4 945 1011 LOCKHEED WAY 
2350 EEL SEGUNDO BLVD PALMDALE CA 93599-2502 
EL SEGUNDO CA 90245 

1 LOCKHEED MARTIN 
2 CYTEC FIBERJTE RFIELDS 

MLIN 1195 IRWIN CT 
WWEB WINTER SPRINGS FL 32708 
1440 N KRAEMER BLVD 
ANAHEIM CA 92806 1 MATERIALS SCIENCES CORP 

BWROSEN 
1 HEXCEL 500 OFC CENTER DR STE 250 

TBITZER FT WASHINGTON PA 19034 
11711 DUBLIN BLVD 
DUBLIN CA 94568 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

NORTHRUP GRUMMAN CORP 2 GDLS 
ELECTRON1CSENSORS DREES 
& SYS1EMS DIV MPASIK 
E SCHOCHMS V 16 POBOX2074 
1745A W NURSERY RD WARREN MI 48090-2074 
LINTHICUM MD 21090 

1 GDLS 
2 NORTHROP GRUMMAN MUSKEGON OPERATIONS 

ENVmONMENTALPROGRAMS WSOMMERSJR 
ROSTERMAN 76GETIYST 
AYEN MUSKEGON MI 49442 
8900 E W ASI:DNGTON BLVD 
PICO RIVERA CA 90660 GENERAL DYNAMICS 

AMPHIBIOUS SYS 
1 UDLP SURVIVABILITY LEAD 

DMARTIN GWALKER 
POBOX359 991 ANNAPOLIS WAY 
SANTA CLARA CA 95052 WOODBRIDGE VA 22191 

1 UDLP 6 INST FOR ADVANCED 1ECH 
GTHOMAS HFAIR 
POBOX58123 I MCNAB 
SANTA CLARA CA 95052 PSULLIVAN 

SBLESS 
2 UDLP WREINECKE 

R BARRETI MAll. DROP M53 CPERSAD 
V HORV ATICH MAlL DROP M53 3925 W BRAKER LN S1E 400 
328 W BROKAW RD AUSTIN TX 78759-5316 
SANTA CLARA CA 95052-0359 

2 CIVIL ENOR RSCH FOUNDATION 
3 UDLP PRESIDENT 

GROUND SYS1EMS DIVISION HBERNS1EIN 
M PEDRAZZI MAll. DROP N09 RBELLE 
A LEE MAlL DROP N11 1015 15TH ST NW S1E 600 
M MACLEAN MAll. DROP N06 WASHINGTON DC 20005 
1205 COLEMAN AVE 
SANTA CLARA CA 95052 1 ARROW 1ECH ASSOC 

1233 SHELBURNERD S1ED 8 
4 UDLP SOUTH BURLINGTON VT 

RBRYNSVOLD 05403-7700 
P JANKE MS 170 
4800 EAST RIVER RD 1 R EICHELBERGER 
MINNEAPOLIS MN 55421-1498 CONSULTANT 

409 W CATHERINE ST 
1 GDLS DIVISION BEL AIR MD 21014-3613 

DBARTLE 
POBOX 1901 UCLA MANE DEPT ENOR IV 
WARREN MI 48090 HTHAHN 

LOS ANGELES CA 90024-1597 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 UNIV OF DAYTON PURDUEUNIV 
RESEARCH INST SCHOOL OF AERO & ASTRO 
RYKIM CTSUN 
AKROY W LAFAYETTE IN 47907-1282 
300 COLLEGE PARK AVE 
DAYTON OH 45469-0168 STANFORD UNIV 

DEPT OF AERONAUTICS 
1 MIT & AEROBALLISTICS 

PLAGACE STSAI 
77MASSAVE DURANT BLDG 
CAMBRIDGE MA 01887 STANFORD CA 94305 ... 

IIT RESEARCH CENTER UNIV OF DAYTON 
DROSE JMWHITNEY 
201 MILLST COLLEGE PARK AVE 
RO:ME NY 13440-6916 DAYTON OH 45469-0240 

1 GA TECH RSCH INST 7 UNIV OF DELAWARE 
GA INST OF TCHNLGY CTR FOR COMPOSITE MTRLS 
P FRIEDERICH JGD.LESPIE 
ATLANTA GA 30392 MSANTARE 

GPALMESE 
1 MIClllGAN ST UNIV S Y ARLAGADDA 

MSMDEPT SADVANI 
RAVERILL DHEIDER 
3515 EB DKUKICH 
EAST LANSING MI 48824-1226 201SPENCERLABORATORY 

NEWARK DE 19716 
I UNIV OF KENTUCKY 

LPENN 1 DEPT OF MATERIALS 
763 ANDERSON HALL SCIENCE & ENGINEERING 
LEXINGTON KY 40506-0046 UNIVERSITY OF n..LINOIS 

AT URBANA CHAMPAIGN 
1 UNIV OF WYOMING JECONOMY 

DADAMS 1304 WEST GREEN ST 115B 
POBOX3295 URBANA IL 61801 
LARAMIE WY 82071 

1 NORTH CAROLINA STATE UNIV 
2 PENN STATE UNIV CIVIL ENGINEERING DEPT 

RMCNITT WRASDORF 
CBAKIS POBOX7908 
212 EARTI:I ENGR SCIENCES BLDG RALEIGH NC 27696-7908 
UNIVERSITY PARK PA 16802 

3 THE UNIV OF TEXAS AT AUSTIN 
1 PENN STATE UNIV CTR FOR ELECTROMECHANICS 

RSENGEL JPRICE 
245 HAMMOND BLDG A WALLS 
UNIVERSITY PARK PA 16801 J KITZMIT.LER 

10100 BURNET RD 
AUSTIN TX 78758-4497 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

3 VA POL YTECHNICAL ABERDEEN PRQVINQ GRQUND (CONT) 
INST & STATE UNIV 
DEPTOFESM AMSRLSLBA 
MWHYER AMSRLSLBL 
K REIFSNIDER DBELY 
RJONES RHENRY 
BLACKSBURG VA 24061-0219 AMSRLSLBG 

AMSRLSLI 
1 UNIV OF MARYLAND AMSRLWMB 

DEPT OF AEROSPACE ENGNRNG A HORST 
AJVIZZINI ESCHMIDT 
COLLEGE PARK MD 20742 AMSRLWMBA 

FBRANDON 
1 DREXELUNIV AMSRLWMBC 

ASDWANG PPLOSTINS 
32ND & CHESTNUT ST DLYON 
PHILADELPHIA PA 19104 JNEWILL 

SWTI...KERSON 
1 SOUTHWEST RSCH INST A ZIELINSKI 

ENGR & MATL SCIENCES DIV AMSRLWMBD 
JRIEGEL BFORCH 
6220 CULEBRA RD RFIFER 
PO DRAWER 28510 R PESCE RODRIGUEZ 
SAN ANTONIO TX 78228-0510 BRICE 

AMSRLWMBE 
CLEVERITT 

ABERDEEN PROVING GROUND DKOOKER 
AMSRLWMBR 

1 US ARMY MATERIEL CSHOEMAKER 
SYSTEMS ANALYSIS JBORNSTEIN 
PDIETZ AMSRLWMM 
392 HOPKINS RD D VIECHNICKI 
AMXSYTD GHAGNAUER 
APG MD 21005-5071 JMCCAULEY 

BTANNER 
1 DIRECTOR AMSRLWMMA 

US ARMY RESEARCH LAB RSHUFORD 
AMSRLOPAPL PTOUCHET 
APG MD 21005-5066 NBECKTAN 

AMSRLWMMA 
105 DIRUSARL DFLANAGAN 

AMSRLCI LGHIORSE 
AMSRLCIH DHARRIS 

WSTUREK SMCKNIGHT 
AMSRLCIS PMOY 

A MARK PPATTERSON 
AMSRL CS IO FI GRODRIGUEZ 

MADAMSON A TEETS 
AMSRLSLB RYIN 

J SMITH 
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NO. OF 
COPIES ORGANIZATION 

ABERDEEN PROVING GROUND CCONT) 

AMSRLWMMB 
BFINK 
JBENDER 
TBOGETII 
RBOSSOLI 
LBURTON 
KBOYD 
S CORNELISON 
PDEHMER 
RDOOLEY 
WDRYSDALE 
GGAZONAS 
SGIDORSE 
DGRANVILLE 
DHOPKINS 
CHOPPEL 
DHENRY 
RKASTE 
MKLUSEWITZ 
MLEADORE 
RLIEB 
ERIGAS 
JSANDS 
.D SPAGNUOLO 
WSPURGEON 
JTZENG 
EWETZEL 

AMSRLWMMB 
AFRYDMAN 

AMRSLWMMC 
JBEATIY 
ECHIN 
J MONTGOMERY 
AWERECZCAK 
JLASALVIA 
JWELLS 

AMSRLWMMD 
WROY 
SWALSH 

AMSRLWMT 
BBURNS 

AMSRLWMTA 
WGILLICH 
THAVEL 
JRUNYEON 
MBURKINS 
EHORWATH 
BGOOCH 
WBRUCHEY 
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NO. OF 
COPIES ORGANIZATION 

ABERDEEN PROVING GROUND (CONT) 

AMSRLWMTC 
RCOATES 

AMSRLWMTD 
ADASGUPTA 
THADUCH 
TMOYNIHAN 
FGREGORY 
ARAJENDRAN 
M RAFTENBERG 
MBOTELER 
T WEERASOORIY A 
DDANDEKAR 
A DIETRICH 

AMSRLWMTE 
ANIILER 
JPOWELL 

AMSRLSSSD 
HWALLACE 

AMSRLSSSER 
RCHASE 

AMSRL SS SE DS 
RREYZER 
RATKINSON 

AMSRLSEL 
RWEINRAUB 
JDESMOND 
DWOODBURY 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 LID ECOLE POLYTECH 
RMARTIN JMANSON 
MERL DMXLTC 
TAMWORTHRD CH 1015 LAUSANNE 
HERTFORD SG13 7DG SWITZERLAND 
UK 

1 SWISS FEDERAL ARMAMENTS 
1 SMC SC01LAND WKS 

PWLAY WLANZ 
DERAROSYTH ALLMENDSTRASSE 86 
ROSYTII ROYAL DOCKYARD 3602THUN 
DUNFERMLINE FIFE KY 11 2XR SWITZERLAND 
UK 

1 ISRAEL INST OF 
1 CIVIL AVIATION TECHNOLOGY 

ADMINSTRATION SBODNER 
TGOTTESMAN FACULTY OF 
POBOX8 MECHANICAL ENGR 
BEN GURION INTERNL AIRPORT HAIFA3200 
LOD70150 ISRAEL 
ISRAEL 

DSTO MATERIALS 
1 AEROSPATIALE RESEARCH LAB 

SANDRE NAVAL PLATFORM 
A BTE CC RTE MD132 VULNERABILITY 
316 ROUTE DE BAYONNE SHIP STRUCTURES & MTRLS DIV 
TOULOUSE 31060 NBURMAN 
FRANCE POBOX SO 

ASCOT VALE VICTORIA 
3 DRA FORT HALSTEAD AUSTRALIA 3032 

PN JONES 
MHINTON 1 ECOLE ROYAL MILITAIRE 
SEVEN OAKS KENT TN 147BP ECELENS 
UK AVE DE LA RENAISSANCE 30 

1040 BRUXELLE 
1 DEFENSE RESEARCH ESTAB BELGIQUE 

VALCARTIER 
FLESAGE 1 DEF RES ESTABUSHMENT 
COURCELETTE QUEBEC COA VALCARTIER 
IROCANADA A DUPUIS 

2459 BOULEVARD PIE XI NORTH 
2 ROYAL MILITARY COLLEGE OF V ALCARTIER QUEBEC 

SCIENCE SHRIVENHAM CANADA 
DBULMAN PO BOX 8800 COURCELETTE 
BLAWTON GOA IRO QUEBEC CANADA 
SWINDON WILTS SN6 8LA 
UK 
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COPIES ORGANIZATION COPIES ORGANIZATION 

INSTITUT FRANCO ALLEMAND DYNAMEC RESEARCH AB 
DE RECHERCHES DE SAINT LOUIS AKEPERSSON 
DEMGIRAUD BOX201 
5 RUE DU GENERAL CASSAGNOU SE15123SODERTALJE 
BOITE POST ALE 34 SWEDEN 
F 68301 SAINT LOUIS CEDEX 
FRANCE BHIRSCH 

TACHK.EMONYST6 
1 TNO DEFENSE RESEARCH NETAMUA 42611 

IHPASMAN ISRAEL 
POSTBUS 6006 
2600 JA DELFT 1 DEUTSCHE AEROSPACE AG 
THE NETHERLANDS DYNAMICS SYSTEMS 

MHELD 
TNO PRINS MAURITS POBOX 1340 
LABORATORY D 86523 SCHROBENHAUSEN 
R USSELSTEIN GERMANY 
LANGE KLEIWEG 137 
POBOX45 
2280 AA RUSWIJK 
THE NETHERLANDS 

2 FOA NATL DEFENSE RESEARCH 
ESTAB 
DIR DEPT OF WEAPONS & 
PROTECTION 
BJANZON 
RHOLMLIN 
S 172 90 STOCKHOLM 
SWEDEN 

2 DEFENSE TECH & PROC AGENCY 
GROUND 
ICREWTHER 
GENERAL HERZOG HAUS 
3602THUN 
SWITZERLAND 

1 MINISTRY OF DEFENCE 
RAFAEL 
ARMAMENT DEVELOPMENT 
AUTH 
MMAYSELESS 
POBOX2250 
HAIFA31021 
ISRAEL .. 
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